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1. T:HORIZATION

1. The work described in this report forms part of a program devote.
to research on the application of Geiger-Muller counters to inspection with
x-rays and gacma rays. The authorization ie under the Bureau of Ships
Project order 384/41. Refer to NRL letter N8-12 Radiography of September
23, 1940 (BuShips file No. NP14/N8(9-23). :

' 11. LITRODUCTION -

2. An investigation of the possibilities of utilizing Geiger-riuller
counters for rapid inspection with penetrating radiations has been under-
taken at the Naval kesearch Laboratory. Preliminary results, reported in
URL Report M-1799, indicate that the counter, even in its simplest form,
is sufficiently sensitive  t0 make its use more advantageous than the usual
photographic techniques in many cases.

3. The Geiger-Muller counter, until recently, has found its major

'application in cosmic ray and nuclear physics. The intensities measured

in such work are generally weak, producing counting rates of the order o.

hundreds per minute in average sized counters, There has been :clatively

1ittle need for high speed counters and circuits.' In radiography, however,
the sources of radiation are very strong, producing intensities equivalent
to counting rates of thousands per second. Ordinary counters, however, are
much too slow to count that many random pulees per second without consider-
able loss. The use of countere as sensitive elements in devices for rapid

-inspection with intenseXand gamma radiations, therefore, calls for extremely

high resolution in both the countere and their associated electronic cir-
cuits.

4. To develop counters with ultimate sensitivity and capable of
meeting the requirements of high speed countling, & comprehensive investi-
gation of counters and counting circuits has been carried out at the Naval
Regearch Laboratory. The more important results of this investigatlion may
be listed as follows: '

(4) Mew designs for gamma rav and hard x-ray counters have been
developed, producing counters with quantum counting effi-
ciencies up to 504, Nowhere, in the literature, have any
gamma ray counters been described,with efficluncica gruater
than 2%. For soft x-ray counting efficiovncies of 100» have
been attained at the Javal Research Laboratory. Tho majority
of soft x-ray countérs built previously operated on a princi-
ple that did not permit greater than ten per cent efficiency.

(B) Resolving powers of up %o 100,000 random counte per sccond
heve been achleved by s new principle of countcr construction.
Higheet speeds have previouely been obtained by use of Harper-
Neher quenching circuits, and did not axceed 3000 counts por

second.



N I CoLardias and UV L counters hae been
sitica -1 vl foteation ot standardlzing the technlque
iavely. ~ 0 fa s conriad provedare 1o prepsrving countors
Loovow coifiviontly well understiod, that 1% ts ponsible
oot cead countters consisiently .

\GoA varlety at eloctionle circults have teon perfooted for
verioud special appltestions. Thoee range from a very
2imple circuit for detection of poak intensities to very
hiadi gpend sealing anid freguency moter circutts.

} D Ibo understand how the res.lts listed unisr the first three
headlags were atteaiavd, it is necessury to have s very much more somplete
picture of the counting action than was [resented in Report M-1799. The
ogeulng section of thi« report is therefore davoted to & theorotical
aanlysis of the counting process, in which is discussed all those aspeots
essential to the uncerstanding of the following sections. These latter
sections are conccrned with the constructioan and preparation of counters,
and the methods of vutaining high resolution and high seneitivity. The
finsl section ot the report descrives the most importint circuits for
gunting wia the conditions under which they are to be employed.

G

111, i:=0RY OF SOUWTILNG ACTION

a. Ioint Countersa

8. Counters were firest designed by Rutherford and Geiger in 1508,
In its originel form the counter coneisted of a pointed wire surrounded by
and insulated from a metal cylinder. A potential diffsrence of somewhere
retween 1500 and 5000 volts was applied afrgss the counter and a high
series resistance. In this early design,'}) the cylinder was made positive
wit: respect to the wire., Figure {la) illustrates the arrangement of
electrodes and recording epparatus. The principle of operation mey be
triefly described as follows. An ion enteriung the counter is accelerated
in the nigh field near the point, up to energies sufficient to produce
laree numbers of ione by collieion, at the exieting gae pressure, The
icnizetion process is cumylative, the charge flow finally reaching a
cagnitude of about 10-8 coulomb, dependent, of course, om the potential
“difference and circuit constants. The collscted charge causes tuc voltage
£eross- the counter to drop to a point where the discharge is quenched, and
thc counter then recovers.by the leakage of charge through the resistance
n.  lue viitage changes acrose R are indicated by the electroscope.

B, Froportional Counters

7. The above type of counter was later somswhat modified “for use
as a progcrtional counter (2), In the original counter, the primary ion
acts as a irigger on tne discharge, which once started, yields an effec-
tively constant ragnitude of charge before extinction. If a small metal
ball is attached to the point and placed at positive high potential rela-
tive to the cylinder, instead of negative, then a range of voltage can be
sound in wiaich the pulse ie proportional to the original amount of
icnization.
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‘platesu. This may be axprollod'by the equation:

C. Geiger-Muller Tuve Counters

8. The most important type of counter for measurements of x-ray
and gamme ray intensities is the tube counter (Figure 1b) developed by
Gelger and huller (3) at about the same time as the proportional counter
above. In the tube counter, the two electrodes are a cylindrical cathode
and centered anode wire, insulated from esch other. Mo current flows be-
tveen the electrodes until some ion formation has occurred. If the
~otentlel difference spplied to the electrodes is sufficiently high, the
m2ltiplicative process of ionlzation by collieion takes place, as the
original ion creates others in its acceleration toward the snode. 1liith
increasing potential difference acrose the electrodes, the amplification
of charge increases until the condition of self-sustalned discharge is
attained. If the counter is properly constructed and filled and the correct
potential difference ciosen, it may bas effectively self-quenching. If 1t
is not self-quenching, circuits have been designed which will quench the
discaarge quickly, after it has once started.

9. Before going any furtner it is well to study the relation of
tze characteristic G. M. counter region to the general voltage-current
curve for such an electrode arrangement. Suppose some ilon palrs are
foried in the interelectrode space. The quantity of charge colleseted by
the wire is illustrated schematically in figure (2). The two curves drawa,
inoicate charge collected by the wire for two different quantitlies of
initial ionization due to the incident radiation. The lower curve may be
taken to represent the formation of a single electron-ion pair, and the
uyper curve, a very large number of initially formed lon pairs (such as
might result from an alpha particle). At tne lower portione of the curves,
region A, recombination ie very efficient and l1ittle charge reaches the :
collecting wire. With increasing poteatial, in region B, saturation 1s
attained. All the charge arrives at the wire, but the electrons still
have insufficient energy to produce ionization by collision. In regiom C,
slsctrons receive sufficient accelerstion to start electron avalanches By
e¢ollision. In this range both curves are parallel indicating proportional
emplification. This is the region in which proportlonal counters are
operated., Vith further increase in potential difference, the curves
apyroach each other in region D, which represents the foot of the non-
prosortional amplificetion range and the beginning of what ie terned the

Getger-Muller region. Hegion 2 & » rease of potential difference in

vilch the total amount of fonizati@l is independent of the intial amount.
M™ie is the Geiger-Muller range. ..

10, In the counter as originally applied, the current pulses
lowered the wire potential sufficiently for detection and the charge
accumulated in each pulse lesked off through e very high resistance in .
series with the counter and voltage suply. Referring to figure (2) i
egain, the portion D + ¥ may be salled the region of non self-sustaining :
discharge (the IR drop in the large resietor is sufficient to extinguish .
the dischargs). Zxperimentally 1twas found triat the length of platesu was )
yrogortional to k. With decreasing R, the platesu vaniehed and the condi-
tion of self-sustained discharge follows reglon U with no evidence of &

-3 -
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Vote ~ Vain, = constant (1)

11. The constant must be u current i. If R is tnken as 10Y ohms,

equation (1) indicatee a steady current t : :
e 10‘6 anperes. hrough the counter of up to

12. If the initial potential is somewhere betwesu V and V
the pulse size will be given by the drop from Vq to aomewhs?éaaliuht?;n..
velov Vpin Figure (3) 1llustretes the voltage on the wire as a function
of the time from the triggering of the discharge. For a leak reslstunce
of 109 ohns and a counter adout 10 ome. by 2 cme, with 20 mil wire, tRC +
tays 18 about 10-2 seconds, which we may call the resolving time of the
counter. The resolving time may be decruased by decreasing k, vut then
the plateau vanishes, Obviously, such a counter cannot be used at rrtes
much greater than ten per second, and falle into a claes known as elow
coanters. In contrast, it is now possidle to make fast counters for which
the breakdown plus recovery time lies betwesn 10~5 and 10~4 seconde.

13,  Mgure (3) 1s an oversimplified pioture of the breakdown-
recovery process and it is worth considering the action in greater detall
in order to determine vhat factors enter into the design of a fast counter.
Suppose again, that an ion pair e formed between the electrodes ia the
region & of figure (3). The electron is accelerated tovard the wire while
the positive ion noves slovwly toward the cathode. In the neighborhood of
the vire, the eleatric intensity increases rapidly and it is there tnat the
electron saius sufficient energy to excite and then ionise a gaseous atom.
The electron that it ejects in this region of intense field is in turn
accelerated and produces still more electrons by collision with gaseous
atons or molecules. This cumulative process of electron production and
notion toward the wire is called a Townsend avalanche. Nothing has been
saild previously about what happens to the positive ions during the produc-
tion of the avalanche. A positive ion has a mobility very different from
that of an electron. fThe field strength necessary to give a poeitive ion
anit scceleration is almost 2000 times that required to accelerate the
electron. during the iaterval that is recuired for development of the
electron avalanche, then, it is safe to assume that there is almost
aecligible motion of the positive tons, and a relatively statlonary posi-
tive syace charge is built up in the vicinity of the wire. The jonizations
that ococur in the avalanche process are accompanied by the emission of
1ight, and the photons in turn are capable of ejecting more slectrons from
the cathode surface. These photoelectrons can then trigger further ava-
lanches and the whole succession of evenis may repeat itself many times as
a conssquence of the action of the primary electron.

14. Thus far, it would seem that the electronic avalanches could
build up indefinitely. Simultaneously, however, the positive space charge
has grown as rayidly as the aumber of avalanche electrons. The stage ls
soon reached where the positive charge around the wire is so great that the
‘diameter of the wire is effectively extended far out into the inter- |
‘slectrode space. The intense accelerating field is then no longer existent
and the process of electron multiplicstion and associated photon emission
1s discontinued. To sum up, then, the original ion palr is multiplied many
‘orders of magnitude, the electrons prodused in successive avalanches rush

- g -



to the wire, the jositive ions cresmte an plmost etationary space cherge,
and the discharge is completed in a time of the aorder of 1/10 to 1/10C
zicrosecond. Almoet the entire process of electron mltiplicatican has
occurred close to the wire and the total charge displacement is conse-
quently wvery emall. As a result, the potential of the wire changes haraly
at all in spite of the fact that a hundred million or more electrons have
been collected. The major portion of the potentisl) change of the wire
occurs after the quenching of the discharge as the positive ion sheath
drifts to the cathode.

- 15. The action of the space churge on the field strength between
the electrodes is illustrated qualitatively by figure (4). Initielly,

'~ She field is represented by curve (a), i.e., it varies laversely with

$ke distance from the wire. The potential of the wire with respect to
the cataode is the integral of the field strength across the space be-

tween the electrodes or simply the mrea under curve{a). Curve (b) repre-
ssnts coniitions immediately after guenching the discharge. The amount
of charge that has flown hae produced a negligible change in potential
end the integrated area under the curve is almost the same as in (a).
The space charge, however, has effectively increased the wire rgdius to
o and tue field strength between k - wire and R - cathode ia too small
to produce multiplicative {onization. Curve (¢) is for a time shortly
after quenching. The sheath of positive ions has drifted appreciably
tovard the cathode and the total area under the curve has begun to de-
crease, representing the drop in potential differeace accompanyling the
motion of positive fons toward the cathode. Curve {(d) represents the
condition, where most of the charge has been collected, and the area be-
tween (a) and (4) represents the accompanying change in potentisl of the
wire,

16. In the adove discussion, it was shown that the entire discharge
takes place in a period of from 10" to 102 seconds. If that completed
the counting procees all counters would be fast. The differences in speeds
of counters, arise from the remainder of the counting action. Returning
to the stage where the positive ion sheath arrives at the cathode, it
appears that the completion of the counting action is determined by what
results from the bombardment of the cathode by the positive lons., To
vegin with, coneider the sinplest case. Suppose these positive ions eyect
no secondary electrons from the cathode. They are then eimply neutralized
oy electrons Arawn fromn the cathode surface, while the electronic chiarge
collected by the wire leaks off through the external resistance, allowing
tae counter to return to its original state. Actually, the above condi-
tion seems to de attained by the addition of a small amount of organic
vayor to the gme in the counter. In some wey, this vepor muet affect the
catinode surface 80 as to greatly decrease the probability of electron
enission by positive ion bombardment. Argon-Alcohol countere rmay be used
effectively with leek reaistences of only 10% ohma, and in some cases even
as low as BOOO ohus. Since the alschargs is completea tn 1077 to i0~P
secoaxdes and since the space charge may be swept out in 109 secuuds, the
recovery time of trese counters is effectively given by the produrt Ll of
tLe lemk resistance and the capacity, which is generally of the order of
1% reconds. The shape of the voltage pulse is given in (a) of fisure
(5). alcokol counters are g enerally called self-queanched but the discharge
is effectively quenched oefore the alcohol has scted. The function of the
alcocol is to prevent reignition of the discharge.

v .



Now take thr Cwrie whiere Lhe elf iclency of production of
“adsniewry clectrons by positive vosbturament is bishe In the fnitial dis
Coorge, 10 tne leakage reslstance s Llga, if the concit of the wire
syuter ix amall, and 4 the nunder of po~itive lone 18 large, tue reaulting
Cindee la poteatial of the wire due to the migration of powitive {ons
toeard the cathode mpy be large enough to produce Yovershootin, ", Under
t.rse conditions, the chonge of potantinl may drop the counter below the
seiger-lallor reglon by the time the _oaitive lone reach the cothode., The
seclianry elvctrons from the cylinder well then find the existing field in
Covovicinity of the wire insufficlently high to nccelerate then to eueryples
Tegulred for production of Townsend avalanches, As a reeult taere is no
multi iici tion of this gsecondery charge and no further docrense of wire
potential fellowing the initial discharge. The critical potential below
wvnich the wire must rall vo prevent reignition is alichtly less than the
threshold voltage. If the lemk resistance is of the order of 109 ohms,
the above conditions will generally hold. If, however, the leak resistance

is lowered, or the capacity of the wire syrtem increased, a third mode of
counting is observed.

18, Suppose the wire potential does not fall below the above men-
tioned critical potential in the first discharge. The secondary electrons
from the wall then find the accelerating field near the wire sufficient to
produce Towneend avalanches again and a second discharge takes place. The
gecond positive ion sheath moves toward the cathode witn further reduction
of the wire pyotential, and may reach the cathode with the wire potential
stil]l above the critical voltage, so that a third discharge takes pluce.
fach successive fon sheath will carry less charge because the wire potential
is lower after each discharge. The wire potential assymptotically aporoaches
the critical voltage in an irregular way until the number of electrons
released in the nth breakdown is so few that a statistical fluctuation to
sero secondary emiseion will break the chain of discharges. Typical pulses
of this type are illustrated in (b) and (c) of figure (5). '

19. The above discussion might seem to indicate that fast counters
must necessarily be of the vapor type. This is not true. Almost any
counter may be made to behave like a fast counter with suitable electrical
circuits. A counter which normally falls into the 2nd or 3rd class dis-
cussed above, mey be supplied with an electrical guench circuit walich will
"overshoot” the voltage on the lst discharge even when the leak resistance
is dropped to 106 or 105 ohme. Such circuits will be described later.

IV. COXSTWUCTION OF CQUNTERS

20. A large volume of material has been published on the technigue
of constructing and filling Geiger counters. Examination of these prpers
reveels a wide range of differences between techniques employed by various
euthors. The reaction of a newcomer to the field of counter research is
that counters are very tricky gadgets, unstadle, and difficult to construct
properly, and the tendency is to conclude that the production of a good
counter 1s a hit or miss process. In reality, the construction of a good
counter can be carried out with almoat complete certainty. The development
of counter techaique has progressed beyond the trial and error stage thsat
prodaced the above mentioned variety of formulas, to where the fundamental
requisites of a good counter are quite well understood.
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21. To begin with, all caunterq may be placed in either of two
classifications, non—vapor and vapor type counters., The former type
involve the greater care in preparation and require ssaled glaes envelopes
to allow for proper treatment. The vapor type counters are much leess

critical ia their preparation and permit a variety of materisls and modes
of design in their construction.

A, Preparation and Filling of Counters

22. A general purpose filling system was built, and is sketched
dlagrammatically in Figure (6). The fore-pump is a Cenco Hyvac and is
backed by a single stage oil diffusion punp. The mercury well is employed
as a pump and mixing chamber, providing & means of thoroughly mixiag the
geses anc vapors before sealing off the counters., Additional traps may

be included in the system when expensive rare gases are used, to prevent
their loss.

23. Having conetructed a counter and arrived at the stage of pre-
paring it to be filled, the following procedure should be adhered to for
non-vapor type counters,

(1) Clean thoroughly with acid and then rinse many times with
distilled water. (Insufficient cleansing shows up after
baking in discolorations prodaced by Cu0 and CugD.)

(2) Punm g the counter down to a high vacuum of the order of
10" .

(3) Wrile etill on the pump system, the counter should be baked
for about two aoure at about 4000 C., to thoroughly out-
gas the metal cylinder.

Irom thie point on the procedure is determined by the type of gas to be
used for filling the counter. Consider separately thes method for (a)
" aydrogen or a mixture of hydrogen and a noble gas, and (b) oxygen or air.

(4) (a) At the conclusion of step (3) the cylinder is coversd
with 2 thin dark layer of copper oxide. It is essen-
tial to remove this layer if the counter is to be
filled with hydrogen or a mixture of hydrogen and a
noble gas. The cylinder must look bright. (A bright
¢ylinder will show the individual crystallites with
characteristic glitter.) This is accomylished oy
adnitting commercial hydrogen up to a pressure of
about one atmosphere and baking until tne couper is
reduced.

(v) If oxygen or air is to constitute tie cuunter filling,
tie oxide coating left from step (3} ia deairable.
By vaking in an oxygen atmonphere the teadency is to
obtain a flaky coating as soon as the oxlde surface
becomes appreciably tinick. If the oxidation is wslow
{carried out at low tenpernture) a greylsh surface ia
attained., For vest resulty the surfnce should have &
velvety black color. 3Such a wurface may b+ sbtauined
by the follwing method.
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she drass or Copper ahwuld Tirst be wasied witl, s o
nitric acid solution., Tnis =olution sttncke the metal
vigorously. Upon removal of t'w ncld, the metal ruet

%e rinsed very quickly with water and tuea with aleohol.
sne result 1e o ®right unoxidized surface. The next
step is a thorough dryiug on the agplirator, tollowed by
filling the counter wita nitric oxide to ovvr-pruusuru:
When baked for from twenty ninuter to one hoar ot 2750
300° . in this NOz atmoaphere, the metal Yecomes conted
with a soft, velvety black surface--not grey and not
vlisteren., While atill warm: tne counter should be

pumped dry on the aspirator, followed by the Hyvac for
about 20 minutes,

The aitric omide necessary ror proper agidstion of the
cylinders may be prepared simply, as follows. Lead
nitrate is dietributed along the length of a glass tube
about 18" long, which connects to a large bulb. The
nitrate is preheated for about 30 minutes at 300° C.,
while the syatem is pumped continuouely by the aspirator.
(The tube containing the nitrate is pligged with glass
wool at the end leading to tne bulb). The temperature
is then raised to-from 370° C. to 400° C. and the N0
thet is evolved diffuses through the glass wool and
condenses in the adjoining bulb, which i3 cooled with
a dry ice mixture.

(5) Pump the counter to high vacuum and outgaa the wire by
heating to incandescence (about 220090 C.). & volue of gas
4 to 5 times the volume of the wire consieting mostlyr of €O
is given off. The wire should be heated on and off for a
period of adout half a minute.

The above step is recommended but is not very important.
There is some tendency to reduce spurious counts, as evi-
denced by a lower background counting rate, and this effect
meay be attributed to the removal of shary cracks and points
formed by oxide scale on the wire.

¥e have found taat electrolytic polishing of the wire gives
a more pronounced reduction of spurious counts. The polish-
ing 18 accomplished very simyly by filling the assenbled
counter with 025 normal solution of potassium hydroxide and
peseing a current of about 50 ma. per square centimeter of
wire surface, through the solution. The polishing requires
from twenty to thirty minutes.

(6) Before filling, while the counter is still oceing pumped, a
dry ice mixture should be placed around the trap. It is not
meant t0 remove mercury vapor, which 1s ap.arently harmless,
but does help to remove harmful organic vapors, and water
vapor. The latter affects the insulation.



g

(7) 2411 with suitadle gae =ixturs. The type of gas filling
ibat {s chosen determinee thrashold voltage, efficlency
and discharge time. j set of curves figures (7-13)
duws to C. L. Eainel( 1llustrate pretty well the effects
of different gas mixtures on the threshold potentials of
BOG-YapoT countérs. The 90% argon plus 10w hydrogen mixture
is particularly efficient and has a such lower thresnhcld
Shan argon-oxygen, which alsc works well. A pure ancble gas
Yislds almost nc plateau because it tends towarc the “irma-
tion of metastedle states, which in turn produce aigh
probabdility of secondary electron ermission from tre cathods,
The addition of alr, hydrogen, or oxygen, tends to quanch
thesc metastable states througa inelastic collisions. rure
OXygen makes A pOOr counter because of {%s high electron
affinity, leading to the capture of electroas with aigh
prodadility, Alr is unsatisfactory bDecause Ry and O react

b chemically in the discharge process,

4. Eydrogen filled counters exhibit the greatest lengths of pla-
teau and the greatest stability. In filling, electrolytically produced
hydrogea should be sadmitted to the counter by diffusion ¢ a paliadium
tip. The tip (Plate 11) 4s a cylinder 1-1/2 lnches long by 1’8 inch in
dianeter, closed at one end, Tbe other end is welded to a platinom oylinder
which is ssaled to a soft glass %0 pyrex graded seal. The palladium tip i
surrounded %y a nichrome spiral heater. Iapure hydrogen, admitted trarough
the intake side, diffuses through the butod puiladium walil very readily,
atb lo cther psu are totally excluded,

28, The pnp-nnnon and filling of vapor type counters is much less
cal sthan the prooedurs prescribed adove for non-vapor counters. A

el wider choloe of materials is permissibls and the baking treatments may

‘be dispensed with, Dotk factors lending mooh greater flexidility to the
dovign, and ease of coastructios.

24, A variety of vaterials may be used ia the comstruotion of vapor
counters. Almost any mstal vill serve as ocathode material, but oxidised
copper and drass have given best results. The wide choice of cathods
netals makes possible many unusual designs. Counter (&) plate (29) i
sizply a xovar oylinder with glass end pluge fuseld on. The anodss =may be
mads of tungstea, plano wirs, copper, and many other metals, Yires may be
centered through btakelite or mica disks plugged i{n the ends of the cylinders.
Zransparent bakelits is recommended. OGlass envelopes may be replaced witx
metal shells, and sealing suterials like glyptal and picein have no notice~
ably bad effects. Counters (b) and (c) plate (29) are mounted on standard
radio tudbe bases. In the phevographs, they are showvn with glass Jjackess
plosined onto the dass. Tdese glass jaoksts -: be reylaced by metal
sbhells, weldsd or soldsred to0 ths dese,

© &7 The action 0f vapor counters has o.lrud.y baen deeoribed. The
et gas mixtures are coacinaticns of a rare gas vith a tress ol alcobol,
or petroleum ether. It is desiradbls to oxidige the cathodes as descrided
adove, but the vigorous cleansings are unnecessary. It suffices %o simply
wash vitd alcehol. 7The aloohol vapor that is used in the final gas filling
should be freed of vatar vapor by passing through calcium oxide. 1The ohar-
acteristics of some of the alcohol-argon counters built at the Javal Researcn
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Laborntory are plotted in the curves of figures (16, 17, 18, 19 and 20).
The effects of varying the argon sressure, vapor pressure, and dimensions
and material of cathode, may all be obtained from these curves.

28. The best counters of the Yapor type are thowe filled with
argon and petroleur etrner. A com.arison, figure 20, of the characteristic
curves of geomstrically identical counters fillsd with either alcohel or
sotroleun ether, inaicates clearly the advantage of using petroleum ether.
The ,lsteau region is more than twice as long and the counter using
petroleun ether may be carried more than 500 volts above threskhold with-
out going inte a condition of self-sustained discharge.

a3. The simple aystem shown in plate (12) was bullt for filling
counters of the petroleum ether type. The trap is included to prevent
34T froa reaching \be Hyvac pump. The counter itself is connscted to
the aystem with rubber tubing. The systea, after first being pumped down,
is filled tc over-pressuie vith aArgon. The ocounter is then pulled off the
Tabber tubing a fev drops of ether are squirted in with a medicine dropper,
and the rudber tude is quickly slipped dask over the counter pusp=-off
tubling. all this sust be done as Quickly as possidle. The counter is
then pumped dowvn to adout 6" total pressure, is allowed %o remain at that
pressurs a while, and then is filled with Argon %o atmospheric pressure.
This process 1s repeated a few times, after which the countsr is tested,

1f 54 does not work at this stags, the slternate pumping and f1illing is
repeated until it does.

0. The method descrided above hae produced the best counters. In
aldempting Vo standardise the procedure, it has been found that a mixture
-aff eme imch of petroleus ether pressure to ons atmosphere of Argon, may
P e Aepended upon to yisld fairly good eocunters. Vith large counters, it
. i.1._?‘;;,.:1»1'&1.).7 cbesrved tIat the counters will not begin to count well until
- Py bours have elapeed after filling.

"3, Testing Counters

. ™he moet important tool im counter testing is the cathode-
S oscilloscape. It affords & direct msans of odserving the pulse shape
" _,-amd sharefere indicates immediately whetber trere is a tendency towards

~gmltiple commting. FPlaves (31, 33, and 33) are included to demcnstrate
" "he use of the oscilloscops im studyiag oounter action. The six oscillo-
of plase (81) 1llustrate the types of pulses in a counter filled
- . 7with pure argom at various mamo%ow. there is a strong
_dependsnce of pulse form on pressurs. A4t the lovest pressure, the pulses
. are wry leag and net very high. Iacreasing pressure increases the pulse
"~ height, but also increases its length. The pulses are not simply shapged
88 Ia Zigure 3, Wt are of & multiple \ype. A% higher pressurse, the
s0oadary pulses attached to the 1nisial pulse, decoms further and further
saparated and degin to register as separate counts in the recording
apparatus. In the last oase illustrated, a pressure is reached where
SFORIer RO longsr recovers., The platean has vanished.

3

T

7 F33.  Plate (33) 1llastrates \be effect of adding alochol to the
“argom. The osclllograme indicate increasing pulse sige with increasing
alsahol pressure, Wt novw the increass is confined to the imitial breakdown,
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with the result that the pulse length 1s grectly decreased. Witk esuffi-
clently high alcohol content, the secondary Lulses disappear entirely
and the counting action is reduced to a single short pulse,

33. ‘The effect on pulse shape, of varying the series resistance,
is shovn in Plate (33), for a good argon-alcohol counter. The pulse ie
&reatly sharpened vy reduction of the series resistance.

34. In figure (32) plate (32) a type of multiple count is ahown
that occurs even when good alcohol pressure is present. The sffect i
cbserved nsar the upper part of the plateau and sets a limit on the usabdble
length of plateau. It has been traced to thes presence of sliignt amounts
of air as impurity in the argoen.

5. ™he adove examples give arple evidence that the oscilloscope
is an indispensidle tool in studying counter action. With the cscilloscope,
i1t {s aleo possidle to msasure resclving times of counters, dut the
simplest method of doing this {8 to use a high s eed scaling circuit. In
almost all cases, thess circuits can be ouilt with greater resolving powers
than the & M. counters. It 1s then possible to determine the resolving
time of toe counter directly from {is meximun counting rats, measured with
the scaling circuit.

38. 48 a final test, all removaole sources of radiation should be
carrisd as far from the counter as possible and determination of the
Noackground® sounting rate then made. A Ocertain numdber of counts per

© minute are to de expected purely from cesaic rediation and radicective

contaminations in the metal parts. 7This numder depends upon the geometry

.- of the counter, JFor a tube counter ten centimeters long by two centimeters

in diameter, a background of fifty to sixty counts per minute may be ex-

_pocted. A "Sackground" counting rats greater than thie is an indioation

of spontapecus ocunts. These spurious counts resalt from improper clean-
sing and the presence of sharp points on the electrodes. Izproper
Cleansing may leave spots of non-condudting coating on the electrodes
and theee spots become electron enitters under the influenoce of the high
field strengths at the non-conducting points. They not only affect the
background rate, but increase the shape of the plateau and decreass its

length.
V. WICLUSY AN RaSCLUTIQN OF COUNTARS

A. Coaversion of X-Rays and Gamma kays into Ionisation Frodusts

a7, e interaction of X-rays Or gamma rays vith matter may result
in the liberation of photoslectrons, Compton secattering, and pair produc-
tion. Jor x-rays of energy less than 70 kv, practically all the avsorption
1s photo-eleatric in charaster. That is to say, the x-rays impinging ¢n
the stoms of the absorder, convert their ensrgies into kinetlic energy of
ejected eiscirons. VUith irmareasing kilovoltage, the ghotoeleotric adsorp-
tion diminishes rapidly, and the ecattering effect gaine in importance.
Umsmay picture this scattering as a sort of diffusion of x-ray photons
through the slectron clouds making up most of ths volume of the abdsorber.
A yortion of the energy of toe primary radiation goes into recoil motlon
of the soattaring electrons. The remainder appesre in the forz of softer
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;-t&i: i& iﬁé\qiructlgna, ant e Rbmeorred Gulzkly. In tre reglsn fron
30; N :na: - XY, tne recoil electrons may take fros 10w to «0p of the
primary €& . This energy ta then further diselpatod in lonisation by

collision. Above ), 000 kv, a new process app.esrs, called .air production
vhich i3 #imilar to a photoelectric effect, It i; the conversion of tre '
epeTgy of the primary x-ray on gamra ray into a pvositron (positive electron;
.- nagatron (negative electron) pair. The majority of thess pairs are re-
converted into hard radiatinn dy recondination. The process ﬁf alr forrma-
ticn ls most prodadle at high energies and for heervy cateriagle. ‘Jan tr.ree

tnteraction processes convert x-ray or gamnm sner into ki
enerdy of charged secondary particles, i “ ° potte

3, Design of Gamra Ray Counters

3. Ingtruments desigued to {ndicate x-ray intensities, such as for
exarple, lonization chambers, Geiger-Nuller coucters and cloud chambers
are sensitive, not to the primary radiation, but to the secondary electrons.
Since almost all gamoa ray absorption is by Compton Scattering, the radia-
tion is abesorded almost entirely in the metal wall of the dstector. It is
spparent thea that the efficiency of the gamna ray detector is desermined
2y the dependence of tne energeat intensity of eecondary radiation on the
thickness of material witiiin which it is _rocucea.

3. Consider the process of gamma rays being detectsd by a Geiger-
Muller counter. BSupyose the primry gamma radiation to have an absorption
coefficient .#1 in the metal cathode mnterlal, and furthermore, let it be
assumed that the secondary A radiation produced is aleo absorbed expo-
nentislly with s ceefficlent ~3 (where <27~ )., &s a further simplifi-
cation consider She secondary raziation to e emitved in the direction of
the orimary radiation.

40, Let ¢ 08 the thickness of the counter wall. At a depth x, the
transaitted intensity will be

Ix- Io. _"(11 (1)

where I ia the incident primerv intensity, 3etween x and x + dx the
apount adesorbed will de

Ay = A7) Tog =7 13y | (2)

=4, Fow, if {8 is assumed that the sbsorption of each primary
- quantum results in a secomdary & particle vith momentum in the sa-e
‘“direction, then equation (8) also gives the number of secondary corpuscles
0d in the x diredticn. After She electrons have traversed tae
gual shiockness of counter wall, oaly

- - .
b . - - -
Vel S I e A (3)
Prill eperge. (8 = thickness of cathods wall)
o '4gL ,:‘:." :.-;- g = 2 +

ARSI e v -

63; l’hih .x,mmi (3) 49 uumu aver cﬁ- total thickness of
nter wall, we find that I3, she inteasity of emsrgent secondary radiation

12 given Wy
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—_2h iyt - Mot
Ip = Io T4 41 L AU _gm 2t g (4)
43. Figure (27) euhows the variation of Ip with thickness of counter

wall t. I2 increases at first with increasing thickness, reaches a maxi-
mum and then falls off slowly. The second exponential factor decreases at
a much slower rate than the firat so that after a sufficient t.iicvness has
teen traversed the second exponential is negligible compared to the first.
The secondary radiation then decreeses with the coefficient 4“1, of tne
primary radiation, while the compositicn nf theemergent radlation becomes
constant., At sgquilibrium, the ratio of the intensities of tiae secondary
and primary rrdietion becomes

I —
M2

44. It can be seen therefore that the efficiency of the counter
for detection of ¥ -rays is apuroximately given by the ratio of ’“1 to
/Mo, for Mp 7 ). The curve of figure (22) indicates a maximum effi-
clency for AL when the wall tnickiese is 5 mm. For Cu equation (4)
indicatee maximum efficiency for about 0.2 mm, cathode wall.

45. From the above, it would appear that, to increasse tie pumber
of secondary elecirons per unit of catnocde area, it would only be necessary
to go to heavier elements since 1 increases more rapidly than /@ with
atopic veight. Zvans and Mugele(7) have teeted various types of metal
cathodes and find that lead 18 1.3 times ae efficient as copper.

48. Further gains in efficiency muy be accomplished by increasing
the exposed surface area per nominal square centimeter of cathode. The
exposed inner surface may be increased by a factor of Y2 over that of a
smooth cylinder by cutting 459 threamde on the ineide, or by a factor of

iT/2 by employing a closely wound helix of 16 or 20 gauge wire as tho
cathode. i

47. The greatest advantrge 18 galned or the use of screen gaure
cathodes. It has been shown that most of tne exposed eurface of every
wire of the mesh is effective in glving secondar+ electrons. The c¢lectric
field seems to penstrate the mesh to an extent sufficient to drew in
electrons ejected from the axterior of the cethode. Figure (23) from the
sbove reference shows the relative surface aree and relative sennitivity
of » smooth, cylindricel, so0lid, and 20, 60 and 10U mesh couper cethodes,

C. isthods for Increasing Resolving Fower nnd Efficiency of Vapor
Counters.

40. 3efore going any deeper into the prodlem of incremsing the
quantun efficiency of e counter for ¥-rays, conkider more carefully the
factors thet control the resolving power of a counter. High resclation,
as vell ns high quantun efficiency, 1s essential for ultiiute seasitivity.

-9, If one observes the disclarge pulees of an mrygon-£lcohol counter
s indlicated on the oscilloscope, & numoer of pulscs nmaller thuan the normnl
aizec r.y ne seen. Ouppose the counter 16 in a conditisn gomewhore hetween
(c) ara (a} of filgure (4), The discharge has haen guenched but the wpace
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charge hra not yet Beva vorpieteiy svopt ont b the field. At tinta onint,
1et us sup.ose that A quantum uf rodiation ejects a photoelectron aind
fnitiates a new diecharge. Thesu newly formed avalanche electrones find

a mach wraller accelerating fleld close to the wire and oily a &nell amount
of newly formeld poeltive ione is required to bring the positive ion sheutn,
Alr-miy available, back to the size necesmnry to quench the new discharge.
Tae resalting pulme is consequentlv small., If the new diecherge is Intti-
ated cet- een (b) and (c) of figure (<) the fleld is provably too veak to
srodace anr ionization by collision and the counter dorm nnt resgond to

the quentin of radiation. Between (b) snd (d: various sized pilseas npy be
produced. The tim betveen m disclinrge ana the closest next eucceediny

one that San yraduce e pulse large enough for the amplifier to record, ie
called the resolving time of the counter. For an argon-alcoliol counter
aboat ten cantimeters long by two centimeters in diameter with ten mil
wire and a tenth megohm leak reslatance, the resolving time vill ve of the
order of 10~ seconds. Similar non-vapor counters can be mede to count es
rast by employing an electrical guench oircuit.

50. ¥ith a resolving power of 10-4 geconds one may count up to
1000 counts per second with fairly good proportionality. The loes at
the oaximum rate will be about 10%. For a one second mersurement the
»ean fluctuation due to reandomness would be 3w and to obtein a one per
cent mean error the measurement would reguire ten seconds. To be able to
measurg intensities to 1» in one second requires that we incremss the
resolution b a factor of ten. ‘

Sl1. For argon-alcoohol counters, this gain in resolution may bde
cbtained as follows. Suppose two similar counters are connscted in parallel.
From figure (16) it i1a apparent that the pulse sizée in an alcohol counter
is coasideradly smaller than the over-voltage. B3ecause of this, one of
the cematers may dischargs without affecting the sensitivity of the second
coumter. accordingly, while the first counter is in ite insensitive atate,
the ee00nd may still respond. The resclving time of the combination shoulu
tharefore b half that of a single tube counter of squivalent volume. To
aef this, the counter shown in Plate (26) was duilt. It consists of e

_wandls of seven aylinders, esch 5 cas. long by 0.6 cme. in diameter. The
seselving power of this arrangewsnt vas found to de approximately fifteen
+ 43090 that of a single aylinder having the over-all dimensions of the
~Wmadle. It can count as many as 100,000 random counts per second. This
" axkes largs gala iz resolution say be understood fyom what has been said
aout the diechargs mechaniss. In s smaller counter, the positive ions
. a39 oerrisd away faster Wy the higher average field, giving a decreased
vesolving time. To sum up then, the sudetitution of a bundle of seven
e}l ocounters for s single large one, increases the resolving power Dy
& factor of sevea 4us to0 the parallel arrangement, and by about another
. . fastor of two dus to the greater capacity of the smaller diameter counters.
75:. Judeopendently of the gaim im resolution, the above design has also increased
T the eoffective cathode ares, and therefore the gnmma ray sensitivity, by e
... Saovel of 7/3 over that of te sirmple counter of equivalent volume.

o i BB ™he principle of comdining counters in parallel has resulted
3K 8 variety of Masigns. Por most of our apylications we are interedqted
"% msasuring & oollimated deam. OCounters (J, X, L) of plate (27) are de-
“‘jlnd for cuath 8 purpose. The sensitivity 4s inoreased in propoertion to

-
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D4 number of cylinders traversed Ly the Deam of radistion. Witk 100 meern
brass gauze oylinders, occunter (L) plate (27) has an efficisncy of 20% for
Setection of a coliimated beam of gamma rays.

53. Yor beams of wider cross-section graat sensitivity may be ob-
tained ay going over %c a wire and plate arrangement of electrodes ratkher
thea a wire and tude, It should be remembered that the counting action lu
prodeced Wy the fleld in whe neighbornood of the wire. 7he shaps of the
cathods 18 only of secomdary importamce. JFigure 24 (a) illustrates ths
simgplest arrangemsny of a single wire and plate. TFigure 24 (%) showe a
parallsl extensiom of the wire and plate arrangsscent, and Figure 24 (c)

& 8til]l furtber develepmeat, expanding the plate area and the nusber of
vires. Ay building uwp a large sumber of decks, the quantum efficiency of
SOtk arremgeaents say be developed 1o at high as 50%. Pigurs 28 isa

red iograph of a multiple plate dounter Bmilt by the Texas Company, having
seven decks vith two wvires per deck. The efficlencv of this counter is
five timee that of a normal comater of equivalent volume. 7The large
capacity of the wire system makes the pulse sise for such counters very
small, and high amplifiocatios of the pulses is required for recording.

B4, Pigare 27 {llustrates asnotder typs of counter design., 3y
tiacking up many plates with many Reles, greater gains in efficlency may
be attained than by the mmltiple deck method.

D, 8aft I-Ray Counters

55, e discussion thus far has Desn concerned with tas construction
of counters for gamma ray measurements. The design of counters for X-ray
rediations above 0.1 £ involves entirely different ccocasideratione. The
wave 1 range ordinarily covered in X-ray diffraction work is from .6
to 3.0 A. Ia shie range, it is possible to csonstruct counters Laving
practically 1008 quantum counting efficisncy. 7igurs 28 and Plate 28
illustrate the design we Zave exployed for such counters., Jor tze wave
lengths wo are eonsidering, radiation passing through a heavy gas is strong-
ly adeorbed photoslescirically, and esach quantuam absorbed in tce gaseous
volume of a counter may Do expected to initiate a count. 3y filling with
beavy gases like xsnon and krypton, ceunters may de made to cover ths
Adiffraction range wish 100% effioiency ot almott any wave length in the
reags. This 1s evident from Pigure (30)which represents the absorption in
a Sounter ten Ttmuﬂ leng a5 & function of wavelength and gas jressure.
Moot num-“ , 30 utilise counters in the x-ray regicn Lave resortad to
the photoeffect on the cathode wall, rathar t.an gesecus adsorption, to
produse the triggering electrons., Teets at F.k.L. nave {ndicated less than
10% quantum efficlency for wuch eoun¥ers.

3. Rart X-Bay Counters

58, Yith increasing X,V., applied %0 the L-ray tude, the rediation
Becomes marder and the abserptioa by scattering increases, I0 bridges the
ap detween 0.5 R and tha x-ray region, oounters have been meds wiich corcine
some of the desiradles properties of doth ths X-ray and x-ray type ccinters,
Ceunter (L) of Plate (27) has & $54n walled glass window and a 1 cz. aper-
ture i she dural ®lock, that allows radiation to pase down through the
oeriss of meal cathodses. This arrangement Combines a maximun axmcunt of sur:
face for pbotoaffect »ith large gas jath.
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A. Requirecents of High Speed Counting

a7. ‘here are two methods for indicating intensities as registeraod
by & G. It counter. 'The sum of the i{ndividual ogunts msy be totelled on
au imyulee counter or the ocounter pulses nay be fed into an wleotrical
tank circuit with a ourrent meter to indicats directly the extent toc wkich

the tenk iu charged. Both methods require equivalent resolution of pulser
for tue sgme counting rates.

58. Nost of the counting circuits that have been described were
designed for coenlc ray work. The intensities to be mesasured wers generally
of the order of a few hundred per minute and aocordingly there is comoara-
tively little published concerning counting circults for rates in the
neighborhood of thousands per second. The difficolties involved in de-
signing circuits for these high speeds of counting can resdily be a,pre-
ciated vhen one remenbers tiat the counting is random. It i{s not sufficlent
to obtalin a circuit capable of counting & few thousand per sscond of regu-
larly spaced pulses. Such a circuit would fail dadly for random counting.
There are large fluctuations in the intervals detween pulses of a random
distridution such as is obdtained froz radium radiation. Furthermore, the
shortest time intervals are the most prodable, So that even at low counte-
{ng retes many pulses are too clome to be resolved. For example, &
mechanical counter capable of counting 100 periodic pulses per second misses
alsost 10% at only 10 random pulses per second. Obviously, exceptionally
high speed circuits are necessary.

~

3. Quenching Circuits

89. The first prodlem in odtalning high speed counting is to cut
down the resolving tine of the counter itself to the desired valus. For
noa-v: por counters, this is accomplished by the use of electricel quenching
circuits. For coincideacs counting in cosmioc ray work, tuvo circuits have
been designed to speed the counter acticn by quenching the discharges
quickly even with resistances as lov as ons negohm in series with the
couater. :

60.  The first of thess circuits is the iisher narper(8) eircuit,
figure (33). Ite operation may be analyred as follows: With the bias on
the vacuum tube gdjusted for very little plate current flow, the resistance
of the tube is high and the full high voltage is then across both the tube
and cointer. Wheg the counter breaks down dues to the passage of en
icaiming particle, the positive charge collected vy the cylinder raises
the grid potential. The resistance of the vacuum tube then drops rapidly
and current flows through R2. V¥When the IR drop iz k2 becomer large
encugh, the counter discharge is extinguished. The recovery ls very fast
because of the low resistance ant capacitance.

61. In practice, the valus of the grid potential Zg must be care-
fully cliosen within certain limits. If Zg ie made too negative the volta: =
{impulse in Eg due to discharge of the counter will not be able to raise
the plate curreat by an amount sufficient to cause extinction of the
" discharge. The counter is then insensitive to ionizing particles. As

- 16 -



the negative grid blas is raised, the point is soon reached vhere this
"blocking" ection occurs intermittently. When the negative grid blas is
too low, the increased plate current may bring the counter too close to
threshold and possibly below it. Clowse to threshold, the lose in counting
efficiency is very noticeable.

62. The characteristic curves of a counter em.loyed with the seher-
Harper circuit, are shown in figure (35) as & function of grid resistance.
Figure (36) shows the relation of grid voltage to grid resistance, and
figure (37) shows the counting rate linearity response of the circuit,

63. Some of the arguments against the Neher-Harper circuit are
(1) its characteristics are sasnsitive to slight changes in grid bdias, .
(2) the cylinder is at high impedance above ground eand requires careful
shielding, and (3) the capacity of the cylinder introduces longer recovery
times for large counters.

64. The Eeher-Pickering circuit(8) figure (34) is designed to
eliminate thess objections. The circuit diagram shows tiat no grid bdbias
is required, the cylinder is grounded and the grid of the vacuum tube is
connected to the counter wire. Since the grid is at sero potential in
. the absence of s pulse, the tube is normally highly conducting and repre-
sents a low resistance in series with the cathode resistor. Therefore,
the cathode, screen voltage supply, and grid resistance are all at high
potential above ground. This sets the counter wire, which is connected
to the grid, also at high voltags. If an ioniszing particle now enters
the counter, the grid bias goes negative, blocking the current in the tube.
The resistance of the tube rises rapidly while the grid, screen, snd cathode
drop toward ground potential. Yhen ths counter potential falls below
threshold, the discharge is quenched and the grid recovers quickly through
the grid resistor. :

85, Some disadvantages of the circuit are that an insulated heater
supply is required and that the high voltage supply must stand a constant
current drain of adautamilliampere.

é6., Other quenching circuits are described under uniform pulse
generators below. With wvapor counters, the method of obtaining high
resolution by parallel arrangements has already bdeep descrided. Yo
special quensching circuits are needed.

C. Scaling Circnits

67. After baving acnisved high resolution in tae 8. M. counter,
the next problsm is to find a means of counting the G. M. counter pulses
without loss. This requires a circuit with resolution at least equsl to
that of the counter. BSince impulse counters, such as the popular Cenco
counter have resolving times of the order of adout 0.01 seconi, 1t is
necessary to scals down the number of pulses received from the counter Doy
a large factor, when counting at & high rate. A scele of 100 circuit, o>
example, would feed the mechanical counter only 10 palees for every 10(:
counter pilses.

- 17 -




63. Thoe earliest scale ¢ircuits were the Wynn Williars thyratron
riang circuits published in 1931, They were simply a series of thyratrons
connected in & ring in such a fashion that when an input pulse fired one
of the thyratrons, it thereby prepared the next thyratron in the ring to
fire on the succesding pulse. If N thyratrons were included in the ring,
each tube would fire oace for N pulses.

69. The ring circults were sugerceded by the scale of two tyye of
circuit. Such circuits furnish one output pulse for sach two input julses.
Vith n successive stages in series a scaling ratio of 28 = N ie ovbtained.
Bach olementary scale of two units is apn extremely fast electronic switch
of relay, free of all moving mechanical parts and contacts.

70. The first of these scalesof two circuits was also due to Wynn
wiliiane{23) ana utilized thyratrons, figure (39). The actioa of the
circuit may be analysed as follows. Suppose a peositive pulse ig impressed
on the control grids of tubes A snd B, through the condeunsers, Ci and C2.
Conaider what happens if originally tube A is non-conducting and tubdbe 3
is conducting. The positive pulee will fire tude A but does not affect
tube 3, whose grid has lost control. The discharge of tube A drops the
voltage from grid to plate to adbout 17 volts, the fonization potential
of argon. The drop in potential of the plate of tube A 1s transnitted to
the glate of tudbe B by the condenser C3. 3But msince tube B is conducting
its plase i) at lov potential to start with, and tre additional negative
pulse from the plate of A throws the plate of tudbe 5 negative with respect
to its cathode. This extinguishes the discharge in tube B aad allows its
grid to regain control. as a result of the arrival of the original posi-
tive pulse the discharge has been switcned from tubs 3 %0 tube A. Since
tbe oircuit is symsetrical, the next positive pulse applied t¢ C) and Cc
again svitches the discharges. The condenser Gecan receive a positive
pulee only vhen tubs 3 becomes non-conducting, which means that Cq transaiis
a positive pulse to the wacuum tube triode C only once for every two inpat
poeitive puless. The triode O is biased so that it ie unaffected by nega-
tive pulses, but pasees a positive pulse oo to the next scale of swo every
tine a positive pulse is impressed on its grid.

71. The thyratroam de-ionisation time limits its speed to 10,000
per second of regular pulses, The main disadvantages of thyratron scaling
circuits are (1) a teadency to dlock at high speeds (both thyratrons of a
scale of two go into the conduasing state), and (2) the relative instadbllity
and variability of thyratroa tubes cowpared to hard vacuum tudes.

73. In the last few , & fow successful hard vacuum tubde scaling
circuite have been pudlished(26, 27, 39). The simplest of these uses
triodes (figere 35). The circuit is a regensrative two stage amplifier
with the distinguishing feature that the cuftput of tube A is directly
ooupled to tude B Wy a resistor from plats of A to grid of B, and similarly
Sube B {5 resistaned soupled ¢o tube A. Pulses are spplied to the grids in
garallel threugh BC seupling. Supposs e emall pulse is applied to the grid
of oither Sube. 1§ &s saplified Dy that tudbe and then dy the second tub:
& to ths ocoupling of plate to grid. The regensrative process bdeglns, .
the anplified puiee iz the second tudbe further exciting the first tude, ana
centimmse wWntil ome of the tubes is driven to plate current cut-off, due
to stgetive potential on 1ts grid. The process then stops, leaving the

-~ ..-jﬁi «a. - e
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¢ircuit in a stable state, with one tube fully conducting and the other
completely cut off. The grid potentials are given by the plate potential
of the opposite tube minus the IR drop in the coupling resistor. The cir-
cuit remains in an equilibrium etate only because of the direct coupling.

duct 73. Assume that the circuit is originally in a state with tube A Cm-
ucting andths B non-conducting., If a negative pulse is fed to the circuilt
{t will be amplified by A. (A positive pulse would de amplified by B).

The regenerstive cycle is initiated and contiguss until A is cut off, with

B conducting. The direct cocupling causes an extremely rapid phase reversal
of the tubes. The next pulse will trip the cirouit bdack to its original
equilibrium state. Aa increase and decrease of the plate potential of

tube B will occur oo alternats input pulses and by transmitting these pulsec
to the rectifier stage C, only one output negative pulse will result for
each two input pulses. : _

74. Any tendency of the circuit to remsin im one equilidbrium state
dus to asaymmetry is overcome by the use of copdensers in parallel with the
coupling resistors.

75. The coupling resistors are chosen large enough to drop the
voltags from the plate supply so that high positive potential is kept off
the grids and proper biasing is achieved vith ordinary valuss of grid dias
supply. If megmtive pulses are fed tc the circult, & larger negative bias
x.: the circuit trip on smaller pulses and vice versa for positive imput

s.

78. The resolving power of such vacuum tubs scales of two is adout
180,000 pulses per second. This would permit counting 5,000 random pulses
per second with adout 26 loss. Methods are availadble for increasing thbe
resolution of these scals oircuits to almost 300,000 pulses per second.
(Commanications Becurisy Section, Radio Division of Naval Bssearch Labdora-

tory)
D. Tresquency Meter Circuits

7. ‘The second method of indicating couating rates is by the use of
frequensy meter circuits. 7The simplest of these and probably the simplest
of all methods of indicsting ocounting rates is the circuilt shown in
figure 40, for use vith vaper oounters. The discharges in the counter
produss a fluctuating curremt flow shrough the resistor B. If a condenser
C is placed in parallel with R, the fluctuations are greatly reduced aznd &
fairly steady Ik drep results wheh the G. M. counter receives a constant
intensity of radiation. 7The plate current in the triode is controlled by
the voltage on the grid and is proportional to the numbder of pulses per
unit time. A milliameter X in the plate supply serves to indicate
inteasity. The reading of the meter is adjusted to zero for sero pulses
per secord with the aid of » buaking circuit.

78. By selecting 4iffersnt values of R and C the circult may Dde
ad justed to cover a range of about 107 4in intensity. This circuit is
1deal for vork requiring simpls detection of peak intensity. It has been
used with counters for locating orystallographic planes in quarts by x-ray
reflection at the plesoelectrio cryatal-cutiing laborstory of the Washing-
tos Navy Tard.
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79, The main disadvantages of the above circuit are (1) its sensi-
tivity to the high voltage applied to the counter, and (2) devistion from
proporticnality at higher counting rates. The puleo sige in & vapor
counter is dependent on the over-voltage and at high counting rates the
pulee sige falls of because the counter does not fully recover to the
origlnal over-voltage between pulses. The first difficulties may be over-
¢ome by use of a ocircuit such as shown in figure 41. The 65Q7 tube has
the characteristic that a negative pulse of about two volts on tho grid
completely cuts off the plate current. 8o long as the pulses from the
counter are greator than two volts, the output pulse at the plate of the
6SQ7 tube will be ccnstant. The diode unit serves to rectify the plate
sulses tLat are fed to the 6C5 stage. The output of this circuit is
therefore directly propcrtional to the number of input pulses per second
irrespective of their size so long as the cpunting rate is not soc high
that pulses overlap.

80. The most popular device for produsing counter pulses of uai-
form height and sbape in the multivibrator. The Getting {11) circuit
shown ia figure 42 also aids the quenching action of the G. X. counter.
The multivibrator sircuit i{s very similar to ths vacuux tude scale of two
oircuit discussed above, except that the direct coupling from plates to
grids is removed leaving the two triocdes with only condenser back coupling.
™ubo B is diased $0 cus-off (figure 39) and tube A is normally condusting.
In this condition, a momentary surge of voltage on the grid of either
pentode produces a rectangular voltage pulse at the plate of tube 3. The
oiroult responds to positive pulses if applied to tube B and t0 negative
pulsses if applied to0 tube A, . .

8l. Supposes a short negative pulss from the counter is applied to
the grid of tude A, at a time $1. 4As the grid goes negative plate current
decreases, passing a positive pulse to the grid of tude B. The process is
regensrative and continues until the plate current of tudbe 3 reachss a
naxisurn limited by its plate resistor, with its plate potential at a low
valus. BSimultaneously, the grid of tube A has bdeen foroed toc an sxtremely
pegative valus, slightly less than the plate supply voltage, which {4 main-
tains until the negative charge leaks from the grid to ground through the
one megohm resistor. As the charge leaks of C5, the grid of tube A goes
less negative sxponsntially until it passes the critical cut-off valus at
a time t2. Tude A then becomss oonducting again and the grid of tubde B
goes very nsgative, cutting off the plate current. The grid of 3 now
recovers exponentially but becesuse 0f the negative bias, it does not reach
the critical cut-off voltage. If the grid bdias is reduced s0 that cut-off
voltase is reached, the circuit becomes self-cscillatory. The minimus
input palse sise to which the multivibrator will respond 1s determined by
the size of the grid bias. 7The circuit may be adjusted to respond to a
pulse size of the order of 0,01 volt and anplify it a fev thousand times.

83. The make and break of plate current in sach tube is extremely
fast, which gives the straight sides to the output pulse. Ths length of
the pulse from tube 3 is determined by the tims required for charge to
leak off C) and is given approximately by By C1{log~«) where A is the
amplifiocation factor of the tube. The resolving time of the circuit is
approximately given by k2 Cy log4 <+ R; Ca.
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83. While the initial lowering of the grid potential lue to flow
of curreat from the counter wire through R would not extinguish the dis-
charge in the counter, the regenerative effect of ths coupling, throws tLe
entire available voltage drop of the plate of tube B back onto the counter
wire, quickly quenching the discharge. It ie therefore possible to dispenee
with the 109 chm resistance generally in series with the counter and use
only one megohm. The recovery tims is then given by the circuit constants.
* With the constants indicated in Figure 42, 2000 random pulses per second
can be counted. The maximum rate is the oscillation frequency of the cir-
cuit when self-excited.

B4. 4 disadvantage of the circuit wvhen high counting rates are tc
be measured is that the voltage rangs of the counter becomes linmited. To
odtain high speed in the multivibrator, it is necessary to reduce the
coupling ompacitors and grid resistors, but then the incressed speed is
gained at the sxpense of signal amplitude fed back to the counter wire.
8ince it is this output signal of the multivibrator that quenches the
counter, the counter cannot be operated at an over-voltage grester than
this pulse. For relatively slow counting, the Getting multivibtrator
easily allows for plateaus over one hundred volis loang, but at high speeds
- this range is grestly cut down. 4 multivibrator eircult that was designed
to overcoms this disadvantage is sbown in Figure 43. Here the high voltage
4s applied directly tc the plate resistor of the second tube and the wire
of the counter. Ths action is-exactly the same ag in the circuit previocusly
. éoscrived, but nov the entire H.V. is available for the quenching pulee
sefurned to the counter wire. The motion of this circuit has deen found
such more positive than that of the Gett circuit. It is deing used in
the sxposurs meter cirouits (Report MN-1799) apd wherever good stadllity

is dasired.

88. At very high counting rates, the multivibdrators are not fast
enough and the scale of two unit (Pigurs 38) has been utilised as s unifora
pulse gensrator. This typs of frequency meter has a resolving power of
detwesn 180,000 and 300,000 pulses per second, almost 100 times greater
than the multivibrators that have been dsscribed. The circuit doss not
" pespopd to input pulses under a given sise, and high amplification of the
" eounter pulses is desirsble to assure tripping of the circuit on even the
wveaksst pulses. This is clearly demonstrated by Piguré 52 vhere the 7 tube
counter of Plate (26) was used in conjunction vith the above frequendy
peter circuit. The difference in the two casss was simply one of amplifi-
cation of the counter pulses befors feeding the scale of two type of uni~
form pulse generator. Curve A is the characteristic curve obtained with &
high gain two stags smplifier. The platean length s about 140 volts. In
Case B, only s Earper-¥eher stage was used detween the counter and uniform
pulse gensrator. The effective platesu length was reduced to less than
ten volts., (Both curves were taken at high counting speeds.) The circult
of Pigure 35 is recommended for very high speed counting with fast vapor
counters and in conjunction with the darper-Neher circuit for rapid count-
ing with non-vapor counters.

L. Btabllizers

86, Yo couaters have perfectly flat platesus. In ordinary tube
counters, the slopes of the plateaus oay bs anywhere from O.1% per volt
to 2,08 per volt, end for complicated parallel combinations, these slopes

.



may de even higher. Ihe jnportance of stabilizing the high voltage applied
to t.e counter is cbvicus, if constancy of counter responee is deeired,

ar. Ore of the simplest methods of control employs neorn glow lamps
as stabiligers (Figure 44). These lampe have the characteristic property
of glow tubes, that the resistance decreasees with increasing curreat. If
the voltage across the eslectrodes tends to rise during discharge the resist-
ance drops and the current drain on the supply increases, holding t..e voltage
down. 3<he reverse happens when the voltags tends to drop. +£ach neon lerp
of the 1/25 watt size stabilizes at about 60 volts. By srranging a series
of such lamps in the manner shown in Tigure 41, any stabilized voltage may
Ve picked off for the counter. If the current drain consists only of that
drawn by the counter, good stabilizatisn iz achieved as skovn in Flgure 45,
At larger current drains the atabilization tecomes rapidly poorer. The main
objection to this method of odtalning stable high voltage for the counter

1: a tendenc” of the glow lamps to leak slovly and changs their charaoteris-
tics.

88. A pathod wi:ich has been found muck more satisfactory for odbtain-
ing fixed stabilized high voltages at low current drain is the use of
another G. N. tube counter as a glow tude. The action 18 fundamentally the
sane as that in the neon tube method. As the voltage teunds to riee the
curreat density remains constant, but the total current inoreases by a
tpreading of the discharge over the surface of the electrode. The voltage
across thHe tude remains practically constant until the glow covers the
entire elsctrode.

8. To obtaln good regulation for all possidle current drains during
operation of the counter, large electrods area is nsoessary and a tube length
of over 4 fest was required to give desired stadility., Rather than use a
loag tubs, seven tudes, each 30 cms. long were connected in parallel (Plate
4l). The discharge voltage of the tude depends on the nature of tne gas mnd
electrode geometry. The stadilised voltages obtained with air at various
pressures are shown in Figure 45. The curve of input voltage against cutput
voltage with a gurrent drain of 28 microamperes (Figure 47) shows less than
O.l» change in output voltage for 100w change in input voltage.

90. Ome of the best vacuum tubde stabiliser circuite is shown in
Figure 48 and its stabilisation characteristics in Figure 45. The stabiliza-
tion is exosllent even at high curreat drains, due to the tude T2, which
acts as a conatant curreat device. It is relatively ineensitive to fluotua-
tions in heater power input and shows almost negligidle drift with tiwe. It
is particularly recommended for use with counters operated in the proportional
counting rangs, vhere extreme constancy of high voltage is necessary.

9. Yor most counter work, the stabdiliser shown in Figure 50 is
satiafactory. The circuit of Figure 45 requires insulated screen voltags
and grid dias supplies which must be odtained from batteriea. In Figure 50,
the grid bdias is controlled bty a small 2 watt neson buldb and the entire cir-
cuit may be bBullt compactly. The stabilisation characteristics at 200
microampere ourrent drain are shown in Figure 51. There is very listtle
drift in operstion.
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